Pulmonary virus infections predispose to bacterial infections in the lung. The mechanism of this effect was studied by quantitative comparison of the effects of airborne acute viral infection on pulmonary transport vs. in situ bactericidal mechanisms in mice. Animals infected by aerosol with 10 4 TCID 50 of Sendai virus developed pathologic pulmonary changes of interstitial pneumonitis, bronchial epithelial desquamation, and peribronchial mononuclear cell infiltration 7 days later. At that time, the mice were challenged with an aerosol of viable 32 P-labeled Staphylococcus aureus. Pulmonary bactericidal activity and physical transport by the lung were determined by the determination of viable staphylococcal and 32 P radiotracer counts respectively at 4, 24, 48, and 72 hr after bacterial challenge. Infected mice showed a significant decrease from normal in the rate of reduction of viable bacterial counts in the first 4 hr after challenge followed by a proliferation of the staphylococci. By contrast, radiotracer removal rates at 4 and 24 hr were similar in infected and noninfected mice. There was a small but significant retention of 32 P in the lungs of the infected animals at the later periods. These data demonstrate that bacterial multiplication associated with virus infection of lungs is related to defects in in situ bactericidal (phagocytic) mechanisms rather than transport mechanisms of the lung, despite histologic evidence of extensive destruction of bronchial-ciliated epithelium. Animals infected by aerosol with 10' TCID50 of Sendai virus developed pathologic pulmonary changes of interstitial pneumonitis, bronchial epithelial desquamation, and peribronchial mononuclear cell infiltration 7 days later. At that time, the mice were challenged with an aerosol of viable "P-labeled Staphylococcus aureus. Pulmonary bactericidal activity and physical transport by the lung were determined by the determination of viable staphylococcal and 3P radiotracer counts respectively at 4, 24, 48, and 72 hr after bacterial challenge. Infected mice showed a significant decrease from normal in the rate of reduction of viable bacterial counts in the first 4 hr after challenge followed by a proliferation of the staphylococci. By contrast, radiotracer removal rates at 4 and 24 hr were similar in infected and noninfected mice. There was a small but significant retention of 'P in the lungs of the infected animals at the later periods. These data demonstrate that bacterial multiplication associated with virus infection of lungs is related to defects in in situ bactericidal (phagocytic) mechanisms rather than transport mechanisms of the lung, despite histologic evidence of extensive destruction of bronchial-ciliated epithelium.
INTRODUCTION
Virus infection often predisposes to bacterial disease in the lung. The interaction of virus and bacterial agents in respiratory infections in experimental animals has been This study was presented in part at the 71st Annual Meeting of the American Society for Microbiology in Minneapolis, Minn., 4 May 1971.
Received for publication 14 December 1971 and in revised form 10 February 1972. reviewed recently by Loosli (1) . Virus infections enhance the mortality to subsequent bacterial inoculations by impairing normal "clearance" mechanisms of the bronchopulmonary tree (2) .
Pulmonary "clearance" of infectious agents is comprised of physical transport and bactericidal mechanisms (3) . In the tracheobronchial tree, physical transport is achieved by the mucociliary escalator; the pulmonary parenchyma is cleared by the less well-understood alveolobronchiolar transport system. Bactericidal functions of the lung have been attributed primarily to the phagocytic capacity of alveolar macrophages which clear the lung of infectivity by killing, inactivating, or limiting the growth of infectious organisms (4) .
Influenza (2) , reo-(5), and Sendai virus (6) infections are known to inhibit pulmonary antibacterial defenses. It is generally held that mucociliary transport activity is an important mechanism of resistance to bacterial infections of the respiratory tract and that viral infections of the respiratory tract impair host resistance to bacterial infection through the lesions of the respiratory epithelium and impairment of mucociliary function. However, viral suppression of host defenses has been attributed to suppression of phagocytic mechanisms in the lung (2, 5) and virus infection is known to inhibit the antibacterial activity of phagocytic cells (7) . To date, there is no adequate demonstration in quantitative terms of the comparative effects of moderate to severe virus infections in the lung on the pulmonary bactericidal vs. the transport mechanisms. The present study was designed to elucidate in quantitative terms, the relative effect of Sendai virus infection of the tracheobronchial tree on transport mechanisms of the lung vs. in situ bactericidal mechanisms. (8) . In this procedure, the organism was inoculated into 70 ml of a phosphorus-free culture medium containing 1.0 mCi of "2P. After 18 hr of growth at 370C in a rotating shaker water bath, the labeled cells were centrifuged, washed twice in 30 ml of phosphate buffer, pH 7.4, to remove all unattached label, and resuspended in 16 ml of the buffer solution.
To determine 82P separation from the bacterium, labeled cultures were washed and resuspended in phosphate buffer every 24 hr for 3 days. Radiotracer activity of these washed cultures was assayed on the final day (Table I) .
Animal exposure. A modification of the Henderson aerosol apparatus (9) was constructed to achieve airborne infection of the murine lung. Briefly, the apparatus consisted, in sequence, of a Collison atomizer (10) activated by compressed air, a 6 X 80 cm length of Plexiglas tubing to mix the nebulized agent with diluting air, a large Plexiglas cylindrical chamber (28 X 60 cm) for 72 individually separated mice, a fiber glass prefilter, two absolute-type bacterial filters, and a vacuum pump.
The atomizer produced a continuous cloud of small infectious liquid droplets in the vented exposure chamber. The particle size distribution of the aerosol was determined with an Andersen air sampler (11) . During the 30-min exposure periods, the entire system was kept at a continuous 0.5 inches of vacuum as measured with a water manometer.
Virus concentrations in the animal-holding chamber, sampled with an all-glass impinger (12), were 1016 TCID5o/ cc of chamber air. Mice were exposed to this infectious atmosphere for 30 min. The minute ventilation of the mouse being 1.24 cc/min per g of weight (13) This method calculates bactericidal activity of the lung as a function independent of physical transport out of the lung (8) . The per cent bacteria remaining in the 4, 24, 48, and 72-hr animals was normalized to the 0-hr sacrifices, whose mean per cent bacteria remaining was assigned a value of 100%.
Calculation of physical transport activity. Physical transport of 32P-labeled staphylococci from the lungs was determined by following the decline in radiotracer activity. The 8P counts are expressed as the percentage of the mean radiotracer counts obtained from the 0-hr sacrifices. As 8P has a relatively short half-life (to = 14.2 days), all samples from each experiment were assayed on the same day. This calculation provides a quantitative measurement of tracer excretion independent of the bactericidal activity of the lung and includes the excretion of both viable and nonviable organisms.
Histology. Histologic studies on the lungs of test animals were not possible, the entire lung being used for quantitation. Separate groups of mice were used for study of the pulmonary histology. The lungs of these mice were fixed in 10% formalin, sectioned at 6 A and stained with hematoxylin and eosin.
Statistical determinations. The data was analyzed by determining the arithmetic means, standard deviation (SD), and standard errors (SE). Comparisons were made according to the Student t test (16) .
RESULTS
Aerosol apparatus. The aerosol apparatus used in this study was extremely efficient in infecting large numbers of mice with reproducible doses of Sendai virus and 3P-labeled S. aureus. The particle size distribution of the bacterial aerosol is indicated in Table  II . Over 97% of the infectious droplets and radiotracer recovered were in particles < 3.5 A in diameter. Maximum viral and bacterial concentrations in the exposure chamber were achieved after 3 min and remained constant until nebulization was discontinued. When samples of nebulizer fluid, sampler fluid, and lung homogenates were assayed, a linear increase was observed in the number of staphylococci in the chamber air (reflected by the sampler assay) and in the lungs in (Fig. 3) . The bronchial basal layer remained intact. Beneath the basal layer, the basement membrane was swollen, congested, and diffusely infiltrated with predominantly mononuclear cells, the majority appearing to be large lymphocytes. The alveolar walls and alveoli were frequently infiltrated with an extension of peribronchial infiltrate (Fig. 2) . These bronchial abnormalities were prevalent in areas of the lung with normal appearing alveoli, as well as in areas with pneumonic consolidation. In some instances, affected bronchi were immediately adjacent to morpho- logically normal-appearing air passages. Lungs of all Sendai virus-infected animals possessed these gross and microscopic pathologic changes; however, there was considerable variation in the abnormalities among animals in any one group.
Bacterial deposition. Table III contains detailed data demonstrating bacterial and 32P deposition in the lungs of noninfected and Sendai virus-infected animals. Immediately after aerosol challenge with "P-labeled S. aureus, 228 X 10' viable staphylococci and 1736 cpm of 32P activity were recovered from noninfected as compared with 224 X 10' organisms and 1949 cpm from the Sendai virus-infected animals. The difference between the number of staphylococci and radiotracer recovered at 0 hr between control and Sendai virusinfected animals in this illustrative example, as in all other experiments, was not significant.
Bacterial inactivation. significance of the differences in bactericidal activity between the mean values could not be calculated by the t test, due to extensive bacterial proliferation in a portion of the animals which consistently caused the variance to overlap zero. However, examination of Fig. 4 , which illustrates graphically the mean pulmonary bactericidal values for all the animals used in this study, will confirm the vast differences in pulmonary bactericidal capacity between virus-infected and noninfected animals. A Gram-negative bacillus, assumed to be of endogenous origin, was seen in approximately 10% of the lung homogenates of the virus-infected mice. The organism could be clearly distinguished from S. aureus on the culture plates by colonial morphology. It appeared at random and was not correlated with the extent of suppression of bactericidal activity or with staphylococcal proliferation. In some instances, this Gram-negative bacillus was recovered in greater numbers than were staphylococci.
Physical removal. Tables IV and V also compare the decline in pulmonary radiophosphorus at all time intervals for each of the four experiments. Declines in s'P radiotracer in infected lungs were similar to those in noninfected lungs at 4 and 24 hr (Fig. 5) . However, at 48 and 72 hr, there was a small but significant difference in the retention of tracer in the control vs. infected animals (Table V, 
DISCUSSION
The inhibiting effect of Sendai virus infection on murine pulmonary antibacterial activity is maximal when viral exposure precedes bacterial challenge by 6-7 days (6). This impairment of bactericidal activity is not associated in time with virus proliferation but rather with the peried of rapid decline in pulmonary virus titers and with the appearance of serum antibody. Pulmonary histologic changes, however, marked by epithelial cell destruction, peribronchial inflammatory cell infiltration, and tissue necrosis were prominent during the period of peak clearance suppression.
The findings that virus infection inhibits bactericidal activity in the lung, permits multiplication of a challenge bacterial organism, and does not affect early transport despite visible destruction of the respiratory epithelium raise the following questions about: (a) the significance of the bronchial lesions for subsequent bacterial infection in the lung, (b) the mechanism of virus inhibition of the bactericidal activity in the lung, and (c) other possible mechanisms allowing pulmonary bacterial proliferation.
Ciliary action removes foreign particles from the tracheobronchial tree (17) . It is commonly held that viral lesions of the respiratory epitheliumn impair transport of bacteria via the mucociliary apparatus and facilitate direct invasion of the bacteria into the lung parenchyma. These studies show that transport of bacterial particles out of the lung in the early postexposure period was normal in Sendai virus-infected animals. Early transport is reported to depend heavily on the mucociliary mechanism of the tracheobronchial tree (18) . Therefore, the normal transport of tracer-labeled particles found in the virus-infected animals with the epithelial lesions suggests three possible explanations: (a) transport in the tracheobronchial tree does not depend on the integrity of the mucociliary epithelium, (b) transport involves pathways other than the apparatus of the tracheobronchial tree or (c) deposition in diseased animals was shifted away from damaged and blocked bronchi so that a greater proportion of the inoculum was deposited on, or distal to, uninfected and normally functioning respiratory epithelium. The first explanation would present a radical departure from traditional concepts of tracheobronchial function in particle elimination and may, therefore, be open to question. However, no data exists on tracheobronchial transport rates in the absence of ciliated epithelium so that this alternative remains a possibility. Secondly, alternative transport pathways, such as peribronchial and perivascular lymphatics, may compensate for defects in the mucociliary transport apparatus. Thirdly, alterations of deposition patterns with a shift toward noninvolved lung could occur because of reduced ventilation in infected areas caused by bronchial occlusion, consolidation, atelectasis, and changes in lung compliance. If the bacterial challenge was shunted to functionally normal pulmonary areas then the integrity of the bronchial epithelium in the areas, with lesions would be of little consequence to the early physical removal of particles since relatively few particles would have been deposited there. Recent data from this laboratory2 support this last mechanism. Finally, the delays in transport seen at 48 and 72 hr might be due to inhibition of one or more of the complex alveolar removal mechanisms (3).
The findings of Green and Kass (4) concerning the disproportionate decrease in radioactivity and viable staphylococci from the lungs of mice exposed to 'P-labeled S. aureus focused on the importance of intrapulmonary bactericidal mechanisms in contrast to transport as the main defensetmechanism in the lungs against bacterial infection. They found that 4 hr after exposure to aerosolized tracer-labeled bacteria, the radiolabel persisted at approximately postdeposition levels while cul-'Jakab, G. J., and G. M. Green. In preparation.
turable bacteria rapidly decreased. By immunofluorescent methods, the inhaled bacteria were found to be localized in the alveolar spaces and within alveolar macrophages. These results showed that the rapid decline in viable staphylococci was due not to mechanical removal but rather to the microbicidal functions of the alveolar macrophage.
The quantitative bacteriological and radiotracer assays performed in these experiments indicate that Sendai virus infection inhibits the bactericidal activity of the mouse lung. The proliferation of endogenous bacterial species in some of these animals further demonstrates the effect of the virus infection and adds evidence for this conclusion.
Green (2) and, later, Klein, Green, Tilles, Kass, and Finland (5), working respectively with influenza and reovirus, demonstrated that the antibacterial ability of the mouse lung was reduced after virus infection and attributed this change to an effect on the alveolar macrophage system. The inhibitory effect on the antibacterial activity of phagocytic cells by virus infection has been described earlier (7, 19) . These in vitro studies suggest a direct antiphagocytic action of the virus on the leukocytes; however, the nature of the in vivo effects of virus infection on alveolar macrophages remain to be conclusively demonstrated.
Possible explanations for impairment of bactericidal activity in virus-infected lungs would include (a) a uniform phagocytic defect throughout the entire lung; (b) a phagocytic defect limited to local areas (i.e., consolidated) where localized bacterial multiplication outweighed normal bactericidal activity in the rest of the lung; (c) total absence of phagocytic activity in local consolidated areas with impaired microbicidal activity in the remaining lung; and (d) the overloading of macrophages in the nonconsolidated areas of the lung due to preferential shunting of particles away from consolidated areas.
It has been suggested that the inception of bacterial pneumonia is dependent on the virus-induced inflammatory lesion. In previous studies (20) (also confirmed herein), virus-induced pneumonic lesions were consistently observed in those mice with pulmonary microbicidal defects. Quantitative differences in bactericidal activity may exist in these areas with lesions when contrasted to portions of the same lung without lesions. Consequently, questions must be raised about local effects in pneumonic areas which may override normally functioning bactericidal activity in the rest of the lung. Alternatively, the macrophages in virus-infected lungs may be overloaded with staphylococci due to the shunting of the bacterial challenge to the nonconsolidated areas. Recent observations2 indicate that in fact, consolidation does result in the shunting of most of the inhaled Virus Effects on Pulmonary Bactericidal and Transport Mechanisms particles away from the consolidated areas. However, consolidation involved at most 50% of the lungs. If all bacteria were shunted to nonconsolidated areas, the number of bacteria per macrophage (assuming all macrophages were involved) would increase only twofold. Inspection of the data of Table III shows that the variation in the number of bacteria deposited among virusinfected animals is greater than twofold so that the chance burden of macrophages with particles is greater than possible by shunting; yet the depression in bactericidal activity in the virus-infected animals at 4 hr was consistent (Table IV) . Furthermore, the over-all particle burden is light-50-100,000 organisms are deposited in the lungs containing many times that number of macrophages. These considerations suggest that particle overload is an unlikely explanation for phagocyte failure.
The data of this paper demonstrate clearly that host resistance to bacterial infection in the murine lung during Sendai virus infection is impaired through a defect in bactericidal mechanisms and not, as commonly supposed, by a transport defect in the mucociliary stream or alveolar transport system. Although this model comments rather directly on the pathogenic relationship between influenza and staphylococcal pneumonia, the viral-induced defect may aggravate other disease processes which involve phagocytic mechanisms.
